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Background
RNA-binding proteins (RBPs) play a crucial role in all aspects of RNA processing including pre-mRNA splicing, polyadenylation, mRNA transport, mRNA stability and translation [1, 2] .
RBPs are characterised by the presence of one or more RNA-binding domains often combined with other domains involved in protein-protein interaction, protein targeting, or with zinc fingers that provide the basis for additional mechanisms of interaction with nucleic acids.
The so-called RRM is the most abundant RNA binding domain. It is found in about one percent of human genes [3] . The domain is around 80 amino acids long and folds into four -strands and two -helices. The surface of the -sheet is engaged in the RNA interaction. The  1 strand harbours the conserved hexapeptide RNP2 (ribonucleoprotein consensus sequence 2) and the  3 strand harbours the highly conserved octapeptide RNP1. Aromatic and basic amino acid side chains within the RNPs are exposed to the surface and are in direct contact with the RNA [1] .
In plants, a prevalent class of RRM-containing RBPs is the family of GRPs that combine an N-terminal RRM with a glycine-rich domain of variable length at the C-terminus. The glycinerich domain has been described as a set of glycine repeats believed to be involved in protein-protein interactions [4] . Mangueon et al. (2010) proposed to classify GRP into four subclasses. Glycine-rich proteins with an additional RRM are designated as class IVa GRPs by these authors [5] .
GRPs have been found in a wide range of plant species including maize [6] , tobacco [7] , barley [8] , sorghum [9] , white mustard [10], Arabidopsis [11] , rice [12] and moss [13] . They have also been identified in several cyanobacteria. However, only few have been characterised experimentally [14] [15] [16] . In general, the glycine-rich stretch is considerably shorter in cyanobacteria than in plant GRPs [15] .
Given the involvement of the RRM in RNA metabolism, GRPs may play important roles in plant physiology and development. Several GRPs respond to a suite of environmental stimuli including cold and wounding [17] [18] [19] , are implicated in abscisic acid (ABA) signalling [6, 20] , and play a regulatory role in circadian timekeeping [21, 22] , flower induction [23] and pathogen defence [24] .
Evidence for RNA-binding activity of plant GRPs by and large is based on in vitro binding to ribohomopolymers. For AtGRP7 (Arabidopsis thaliana glycine-rich RNA-binding protein 7) and AtGRP8 RNA substrates have been identified. They bind to their pre-mRNAs [25, 26] . This leads to negative autoregulation via the generation of an alternative splice form that is subjected to Nonsense-mediated decay [27, 28] .
Despite the availability of a large number of fully sequenced plant genomes and the prevalence of GRPs in many plant species, a complete genome survey for RRM proteins, including GRPs, has been only performed for the model plant Arabidopsis thaliana, based on the first draft of the genome [29, 30] . Recently, a genome survey of RBPs with three RRMs has been compiled for Arabidopsis, rice and Poplar [31] . In this study we identified all proteins with one of more RRMs in the fully sequenced genomes of 11 land plant genomes, 7 green algae, 1 red alga and 36 cyanobacteria (Additional file 1). Among the proteins with only one RRM we identified the set of non-redundant RRMs per proteome and species.
We performed a phylogenetic analysis of proteins with a single RRM and studied the distribution of GRPs among the different species. GRPs were found widely in cyanobacteria and plants, but were absent in red and marine green algae. Furthermore, our phylogenetic analysis allows us to conclude that neither the cyanobacterial nor the plant GRPs are monophyletic.
Results and Discussion

RRM proteins in cyanobacteria, red and green algae and land plants
To identify proteins containing at least one RRM, the program HMMER was used to search for protein sequences with a RRM as defined by the Hidden Markov Model (HMM) of the Pfam domain PF00076. The full conceptual proteomes of 11 plants, 1 red alga, 7 green algae and 36 cyanobacterial genomes were screened (see Additional file 1 for sources). For most of these species this is the first report of the complete set of RBPs with one or multiple RRMs. Previous reports focused on the set of RRM proteins in Arabidopsis [30] , the number of RBPs with three RRMs in poplar, rice and Arabdiopsis [31] and the characterization of a restricted number of RRM proteins in the cyanobacteria Synechocystis PCC 6803, Anabaena variabilis and Nostoc PCC 7120 [14] [15] [16] 32] .
In cyanobacteria the RRM proteins identified harbour only one RRM domain per protein.
Previously, a correlation between the number of RRM genes and the genome size had been pointed out for a limited number of cyanobacteria [15] and attributed to whole genome duplications. According to our data, in cyanobacteria the number of RRM proteins correlates only weakly with the genome size (correlation coefficient, 0.5228) (Figure 1) . Most of the species show slightly more RRMs than expected according to their genome size, pointing towards a gain of RRMs by means different to whole genome duplications. In Table 1 we have colour-coded the strains according to the gain/loss of RRMs judged by genome size (column 1). Strains with less RRMs than expected are marked in blue, while strains with more RRMs are marked with red. Strains that show a good correlation between number of RRMs and the genome size are left white. We found that Acaryochloris marina, Microcystis aeruginosa, Nostoc punctiforme, and Trichodesmium erythraeum strain IMS101 have two, three or even four RRM proteins less than expected based on genome size (see Table 1 ). All these species have very large genomes and show a higher morphological complexity than cyanobacteria with smaller genomes. To fully understand the reason for an apparent loss of RRMs the genome structure must be analysed in more detail, to detect if this loss has come at the cost of expansions in other families. Mb [33] . Consequently, we propose that at least in the case of Prochlorococcus species instead of a gene gain we observe a reduction of genome size and that the number of RRM proteins is kept constant around the number present in the last common ancestor.
The other species that show a gain of RRMs are Synechococcus sp., Cyanothece sp. and Anabaena sp. All are diazotrophic cyanobacteria and have larger genomes than non-fixing species. Based on what is known about genome evolution of cyanobacteria [33, 34] we suggest that the additional RRM proteins found in these species are the result of horizontal gene transfer (HGT). Unfortunately, unlike enzymes such as nitrogenases whose acquisition has been clearly determined to be via HGT [34, 35] , little is known about the frequency of such events for RRM proteins. We suggest that the acquisition of RRMs in these species may offer some selective evolutionary advantage [36] and that this particular protein domain, although of ancient origin, does not necessarily belong to the core genome, where gene transfer events are very rare.
In red and green algae, we note the appearance of proteins with multiple RRMs (Figure 2 With only 39% C. papaya has slightly less proteins with multiple RRMs than the other dicots.
In the model plant A. thaliana we identified 334 proteins corresponding to 227 loci that contained one or more RRMs ( Figure 2 ). This exceeds by 31 the number reported previously by Lorkovic and Barta, who found 196 RRM-containing proteins [30] . It is worth to mention that our screen is based on a more recent annotation of the Arabidopsis genome.
Changes in the number of RRMs in plants
In order to account for the fact that cyanobacteria only have proteins with a single RRM domain (sRRM), we restricted further analyses to sRRM domains in plants as well.
We identified a total of 2453 proteins with a sRRM domain in eukaryotes and 136 in cyanobacteria. In the green lineage compare to the red algae C. merolae the number of sRRM domains increases dramatically and apparently uncorrelated to the genome size. To base further analysis on non-redundant sequences we identified the number of nonredundant sRRM domains. Identical domains were identified by means of pairwise alignments. The number of sequences was reduced from 2453 sRRM domains to 1898 nonredundant sRRMs. Results are summarized in Table 2 .
We observed that in algae most sRRM domains are unique; the only exception is Chlorella sp. NC64A with 53 unique sRRM domains and one non-unique domain. Unlike algae, land plants show many identical sRRM domains (see Table 2 ). Particularly two species show a high redundancy of sRRM domains. In S. moellendorffii, 35% of the total sRRM domains are redundant and in Z. mays even 62% of the total sRRM domains are redundant. This drastic reduction of non-redundant sequences may reflect specific events of gene duplication within these species.
In O. sativa ssp. indica most identified sRRM domains are non-redundant domains (142 out of 144) while in O. sativa ssp. japonica only one-third (82 out of 256) are non-redundant sRRM domains (Table 2 ). Interestingly, although O. sativa ssp. japonica has an smaller genome than the ssp. indica (389 Mb vs 466 Mb) it shows a larger amount of sRRM domains along with a larger redundancy in sequence.
We have included two types of dicotyledonous plants, herbaceous (A. thaliana and A. lyrata) and woody plants (grapevine, poplar and papaya). We found that the grapevine proteome drafts used in our study are partially redundant, thus one-fourth of the proteins found in one (Table 2) . Probably, the redundant sRRM domains in both species correspond to closely related genes.
In cyanobacteria we identified 13 identical sRRM domains (see Additional file 2). The largest set of identical sRRM domains in cyanobacteria corresponds to the eight sRRM identified in Anabaena variabilis and Nostoc PCC 7120 (data not shown). Nonetheless, both are different species. Anabaena variabilis has a total of 6914 proteins while Nostoc PCC 7120 has 7987 proteins.
To assess the rate of expansion or contraction in the number of sRRMs along the phylogeny, the number of sRRMs in ancestral species was estimated using the software CAFÉ [38] . For the calculations the species tree presented in the Additional file 3 and the number of sRRMs in extant species was used as input. The probability of both birth and death per unit of time () was estimated as 0.0097 by expectation maximization analysis.
In Figure 3 we show the number of non-redundant sRRM domains in extant species and the the calculated number for the MRCAs along the phylogeny. Due to lack of information regarding the divergence times of Chlorella sp NC64A (C64A) and Coccomyxa sp. C-169 (C169) this two species could not be included in the analysis, but are depicted in the figure.
The number of sRRM domains in the MRCA of green algae and land plants was estimated to 
Phylogeny of proteins with single RRMs
We inferred a maximum likelihood tree (ML) in order to understand the phylogenetic relationships between cyanobacterial, algae and plant sRRM domains. We conducted our analysis with 1834 sequences using only the RRM domain in our alignments. Alignments were checked manually and sequences that lack the conserved RNP1 and/or RNP2 motifs of the RRM, or that have large insertions or deletions affecting the alignment were not considered in further analyses. As an example, we show in Additional file 4 ten correctly aligned sequences (upper part of the alignment) and ten sequences with insertion or deletions that disturbed the alignment (lower part of the alignment). We decided to discard 64 sequences, including the ten shown in this figure. The resulting alignment is available upon request. In Table 2 the last column refers to the number of sequences from each species that were kept in the alignment. It becomes evident that Chlorella sp. NC64A, Sorghum bicolor, Oryza sativa ssp. indica, Vitis vinifera, and Populus trichocarpa are the species with most sequences either lacking any of the conserved motifs or with long insertions or deletions, respectively.
Phylogenetic reconstructions were performed using the software FastTree [39, 40] , and bootstraps were performed to assess the statistical significance of the groups. Due to the large number of sequences considered and the small size of the RRM domain the bootstrap values for many branches were low. To identify reliable clades we computed ML trees for different combinations of organisms. We found 81 clades that group the same sequences in independent tree reconstructions, suggesting that the common structure must come from a common evolutionary history. The resulting phylogenetic tree ( Figure 4 ) has been colorcoded, the outer ring indicates whether the sRRM domain is from cyanobacteria (blue), red algae (red), green algae (light green), mosses (lime-green), monocots (yellow) or dicots (dark green). The clades are colored and sequentially numbered. Almost all sequences were assigned to a clade (1618 from 1834). Remarkably, all cyanobacteria sequences are grouped together in clades 58 and 59, additionally clade 59 with 90 sequences form the biggest clade. This clear separation between cyanobacterial sRRMs and plants/red alga sRRMs leads to the assumption that that they do not share a common ancestor. In fact, this result further support the results published by Anantharaman et al [29] that proposed that the RRM is an eukaryote-specific domain and evolved from an ancient nucleic acid-binding domain. According to the authors, the few RRM domains found in only some bacterial species originated from another kind of nucleic acid-binding protein than the one that gave rise to RRM domains in eukaryotes. These authors also reported the expansion of the RRM domain along with other RNA Binding Domains (RBDs) almost exclusive to eukaryotes. The expansion of RRMs in plants and vertebrates is linked to the advent of alternative splicing as a source of transcriptional diversity.
Regarding the sRRMs observed in algae and plants, we found that in the 79 remaining clades, only a few of all possible combinations of organisms (red alga, green algae, mosses, monocots and dictos) are observed. In Table 3 
Phylogeny of glycine-rich proteins
We focused our attention on a specific subclass of sRRM proteins, the GRPs.
Cyanobacterial , plant and metazoan GRPs are mostly studied for their response to diverse stimuli from the environment, especially low temperatures [15, 16, 32, 41] . The analysis of plant GRPs is hampered by the ambiguous nomenclature used in the literature.
In an attempt to incorporate current knowledge in our analysis, we have created a Table with names given by different authors to GRPs from Arabidopsis, Physcomitrella, rice and cyanobacteria (Table 4) .
We located the known GRPs in our phylogeny. We could not find in our phylogeny the sequence GR-RBP1 or At2g16260 [30] . We could establish that GR-RBP1 has been reannotated as a pseudogene after the genome version 7 of Arabidopsis (TAIR7).
As expected, all cyanobacterial GRPs belonged to clades 58 or 59 (Table 4) . Strikingly, known plant GRPs do not belong to a single clade. Most of the described GRPs belonged to clades 7 or 10. However, two genes from rice were grouped in clades 14 and among the sequences that do not form a reliable clade, between clades 33 and 34, respectively. The sRRM sequences in clades 7, 10, 58, 59 and the corresponding sequences for known GRPs found in other clades where tested for the presence of a glycine-rich stretch at the Cterminus after the sRRM domain (see Materials and Methods). We found that some sequences described as GRPs in the literature actually lack the characteristic glycine-rich stretch. This is the case for instance for OsGRP2, OsGRP4, OsGRP5, OsGRP6, PpGRP3 [13, 42] and the cyanobacteria GRPs ORF 339, RbpB, RbpD and RbpG gene from A.
variabilis [16] (see Table 4 , GR-pattern column).
The presence of know GRPs in clades 7 and 10 leads us to the assumption that known plant GRPs are not of monophyletic origin. This statement is further confirmed by the fact that clade 7 groups sequences from green algae, mosses, monocots and dicots and has been labeled as GMMoD, while clade 10 groups only land plant sequences and is label as MMoD (see Table 3 ). Taking the organisms represented in clades 7 and 10, one may speculate that sequences in clade 7 diverged first, around the emergence of green plants. For the sequences grouped in clade 10 we speculate they diverged around the emergence of land plants.
For the model Arabidopsis sRRMs with a GR-stretch belong to clade 7 (AtGRPs 2 to 6) (see Figure 7A ). The structure of clade 7 is a subtree with an upper branch were the know GRPs AtGRP3, 5 and 6 and OsGRP6 are grouped. Interestingly, for all the sequences in the upper branch of the tree that show a GR-stretch, the stretch is just a part of a longer sequence rich in asparagine. The subtree in the lower branch harbours 11 sequences with a GR-strech (including five characterized GRPs). Contrary to the sequences in the upper branch, the Cterminus of these sequences is short.
Clade 7 groups 4 algae sequences from O. lucimarinus, C reinhardtii, M. pusilla and V.
carteri. Both algae sequences from freshwater algae are the only that harbour a GR-stretch.
The GR-stretch found in C. reinhardtii (Cr_184151) and in V. carteri (Vc_103546) closest resembles the GR-stretches found in AtGRP2 and AtGRP4.
Clade 10 groups only land plant sequences. Likewise clade 7, not all sequences present in clade 10 harbour a GR-stretch. All characterized GRPs are grouped in the lower branch of the subtree (see Figure 5B) . Surprisingly, the orthologs of AtGRP7 and 8 in A. lyrata lack the GR-stretch. Furthermore, the known GRPs from monocots are more closely related to sequences from woody dicots (V. vinifera and C. papaya) than to A. thaliana GRPs (see Figure 5B ). 
Conclusion
Our screening for RRM-type RNA-binding proteins in plants and cyanobacteria showed that an expansion of the domain has occurred in the green lineage. A second expansion took place at the point of land plant emergence. We show that the family of proteins called GRPs are not of monophyletic origin. The results shown in our study and by Anantharaman et al [29] suggest that the sRRM domain in cyanobacteria has either evolved from a different RNA-binding domain or been acquired not only in cyanobacteria, but also in few other bacteria and archeas probably by horizontal transfer. We found that plant GRPs belonged to two distinct clades. On the one hand in clade 7 we have GRPs from freshwater algae and land plants. On the other hand, in clade 10 we have another subgroup of GRPs grouped together with other proteins that in addition to the sRRM domain harbour other prevalently eukaryotic domain, the zf-CCHC. This domain combination seems to be linked to the advent of alternative splicing. Since GRPs are not of monophyletic origin we propose that the acquision of the GR stretch is an event that occurred after the divergence of the sRRM.
Materials and Methods: Protein sequences
The conceptual proteomes of 8 algae, 36 cyanobacteria and 11 plants were downloaded from the sources listed in Additional data file 1. A HMM for the Pfam domain RNA-recognition motif (PF00076.15) was used to search against the protein sequences using HMMER 2.3.2.
The program 'hmmpfam' was called with the option '-cut_ga' in order to retrieve hits with scores higher than the specified gathering cut-off for the HMM in the PFAM library v23.0 [43] .
Among the RRM-containing proteins retrieved, glycine-rich stretches were identified using a regular expression (G [3, 5] x[0,6]G [3, 5] ). The regular expression used search for at least three consecutive glycine residues, at least twice in tandem, separated by no more than six nonglycine residues. Furthermore, the glycine-rich stretch must not overlap the RRM.
Multiple sequence alignment
Multiple sequence alignments were performed using only the RRM domain unless otherwise specified. The domain was extracted from the retrieved sequences taking the start and end as reported by HMMER. Redundant sequences were identified and removed from the final data set via pairwise alignments using the program stretcher from EMBOSS [44] .
Sequences were aligned using the program MAFFT v6.6 (http://align.bmr.kyushuu.ac.jp/mafft/online/server/) [45, 46] . For large datasets of sequences the fast and moderately accurate FFT-NS-2 algorithm was used. For small sets of sequences the slower but more accurate algorithms L-INS-I for domains or G-INS-I for full-length sequences were used. In all cases, the following parameters were used: scoring matrix BLOSUM62, Gap opening penalty 1.53 and Gap extension penalty 0.1. Alignments were checked and optimised manually using Jalview [47] . Poorly aligned sequences, including those lacking the conserved RNP1 and RNP2 motifs and/or including deletion/insertions within were omitted from the final alignments (see example of poorly aligned sequences in Additional data file 4).
We used the program ProtTest (http://darwin.uvigo.es/software/prottest.html) [48] to estimate the empirical model of amino acid substitutions that best describes the evolutionary processes that produced our alignment. The WAG model [49] with parameters +G +F was determined as best fitting according to the Akaike Information Criterion (AIC) [48] .
Changes in the number of RRMs in extant species to determine expansions and contractions trough the evolution of RRMs were analysed using the software CAFÉ [38] . The parameter for the birth and death of gene families () was optimized using the expectation.maximization algorithm (EM) and estimated from the data as 0.097 for all analyses. P-values were computed using 1000 bootstrap resamplings. Identification of the branch that was the most likely cause of deviations from a random model was determined by Viterbi and Likelihood ratio test procedures [38] . We considered P-values ≤0.01 to be significant.
Phylogenetic tree reconstruction
Phylogenetic reconstruction was conducted using Maximum Likelihood (ML). Large sets of sequences were analysed using FastTree [39, 40] while small data sets were analysed using the program TREE-PUZZLE v5.2 [50] . The reliability of branches was assessed with 1000 bootstrap resamplings. All sequences and alignments used in this study are available upon request.
Trees were displayed using the programs TreeGraph 2 [51] and FigTree [52] .
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